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ABSTRACT

Objective:�7R�LQ�YLWUR�HYDOXDWH�WKH�LQÁXHQFH�RI�WZR�GLIIHUHQW�PDWUL[�V\VWHPV�DQG�FXULQJ�OLJKW�
LQWHQVLWLHV�RQ�WKH�SUR[LPDO�FRQWDFW�WLJKWQHVV��3&7��RI�02�FDYLWLHV�UHVWRUHG�ZLWK�WZR�GLIIHUHQW�
UHVLQ�FRPSRVLWH�UHVWRUDWLRQV��Methods:����,YRULQH�ORZHU�OHIW�ÀUVW�PRODU�WHHWK�ZLWK�VWDQGDUGL]HG�
02�FDYLWLHV�ZHUH�UDQGRPO\�GLYLGHG�LQWR�WZR�PDLQ�JURXSV�DFFRUGLQJ�WR�W\SH�RI�UHVLQ�FRPSRVLWH��
WKH� ÀUVW� JURXS�ZDV� UHVWRUHG� XVLQJ� ORZ�VKULQNDJH� )LOWHN� /6� ��0�(63(�� DQG� WKH� VHFRQG�ZDV�
UHVWRUHG�XVLQJ�)LOWHN�6XSUHPH�3OXV���0�(63(����+DOI�RI�HDFK�JURXS�ZDV�UHVWRUHG�XVLQJ�VHFWLRQDO�
PDWUL[� �*DUULVRQ�5LQJ��&RPSRVL�7LJKW��6RIW�)DFH���'�5LQJ��*DUULVRQ�GHQWDO�� DQG� VXLWDEOH�
VL]H� RI� ZHGJH�� DQG� WKH� RWKHU� KDOI� ZDV� UHVWRUHG� XVLQJ� FLUFXPIHUHQWLDO� FRQWRXUHG� PDWUL[� DQG�
7RIÁHPLUH�PDWUL[� UHWDLQHU� �'L[LHODQG� FRQWRXU�PDWUL[� EDQG� �������:DWHUSLN��7HOHG\QH�*HW]���
+DOI�RI�HDFK�JURXS�ZDV�OLJKW�FXUHG�XVLQJ�ORZ�LQWHQVLW\�OLJKW��/,�����P:�FP���,4��'HQWVSO\�DQG�
WKH�RWKHU�KDOI�ZDV�FXUHG�XVLQJ�KLJK�LQWHQVLW\�OLJKW��+,������P:�FP����'HP�OLJKW��.HUU��Q �����
$OO�SUHSDUHG�WHHWK�ZHUH�PRXQWHG�LQ�D�PDQLNLQ�KHDG�WR�VLPXODWH�FOLQLFDO�HQYLURQPHQW��3&7�ZDV�
PHDVXUHG�XVLQJ�WKH�7RRWK�3UHVVXUH�0HWHU��8QLYHUVLW\�RI�7HFKQRORJ\��'HOIW���'DWD�ZHUH�DQDO\]HG�
XVLQJ� RQH�ZD\�$129$� DQG�7XNH\� SRVW�KRF� �S��������Results: 6WDWLVWLFDO� DQDO\VLV� UHYHDOHG�
VLJQLÀFDQW�GLIIHUHQFH�EHWZHHQ�DOO�WHVWHG�JURXSV��DW������OHYHO��H[FHSW�EHWZHHQ�JURXS���	���DQG�
EHWZHHQ�JURXS���	����7KH�XVH�RI�WKH�ORZ�VKULQNDJH�FRPSRVLWH�UHVXOWHG�LQ�VWDWLVWLFDOO\�VLJQLÀFDQW�
WLJKWHU�SUR[LPDO�FRQWDFWV�FRPSDUHG�WR�QDQRK\EULG�FRPSRVLWH�ZKHQ�SRO\PHUL]HG�XVLQJ�WKH�VDPH�
FXULQJ�OLJKW�LQWHQVLW\�DQG�WKH�VDPH�PDWUL[�V\VWHP��S���������)RU�WKH�VDPH�FRPSRVLWH�PDWHULDO��
WKH�ORZ�LQWHQVLW\�FXULQJ�OLJKW�UHVXOWHG�LQ�VWDWLVWLFDOO\�VLJQLÀFDQW�WLJKWHU�SUR[LPDO�FRQWDFWV�WKDQ�
WKH� KLJK�LQWHQVLW\� FXULQJ� OLJKW��$OVR�� WKH� XVH� RI� VHFWLRQDO�PDWUL[� V\VWHP� DQG� VHSDUDWLRQ� ULQJ�
UHVXOWHG�LQ�VLJQLÀFDQWO\�WLJKWHU�SUR[LPDO�FRQWDFWV�WKDQ�FLUFXPIHUHQWLDO�PDWUL[�DQG�UHWDLQHU�H[FHSW�
IRU�JURXS���DQG����ZKLFK�UHYHDOHG�QR�VLJQLÀFDQW�GLIIHUHQFH� Conclusions: 6HFWLRQDO�PDWUL[�ZLWK�
D� VHSDUDWLRQ� ULQJ� FUHDWHV� D� SURSHU� SUR[LPDO� FRQWDFW� WLJKWQHVV� RI� FODVV� ,,� SRVWHULRU� FRPSRVLWH�
UHVWRUDWLRQV��/LJKW�FXULQJ�XQLW�LQWHQVLW\�DV�ZHOO�DV�W\SH�RI�FRPSRVLWH�PDWHULDO�PD\�LQÁXHQFH�WKH�
SURSHU�SUR[LPDO�FRQWDFW�WLJKWQHVV�RI�FODVV�,,�SRVWHULRU�FRPSRVLWH�UHVWRUDWLRQV�
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�$VVLVWDQW� 3URIHVVRU� RI�2SHUDWLYH�	�(VWKHWLF�'HQWLVWU\��%HLUXW�$UDE�8QLYHUVLW\��/HEDQRQ��$VVLVWDQW� 3URIHVVRU� RI�
2SHUDWLYH�'HQWLVWU\��0LVU�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��&DLUR��(J\SW



�$VVLVWDQW�3URIHVVRU��)DFXOW\�RI�'HQWLVWU\��.LQJ�$EGXOD]L]�8QLYHUVLW\��'HSDUWPHQW�RI�&RQVHUYDWLYH�'HQWDO�6FLHQFHV��
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INTRODUCTION 

2QH� RI� WKH� JUHDWHVW� FKDOOHQJHV� HQFRXQWHUHG� E\�
HYHQ�WKH�PRVW�H[SHULHQFHG�FOLQLFLDQV�ZKHQ�SODFLQJ�
&ODVV� ,,� UHVLQ� FRPSRVLWH� UHVWRUDWLRQV� LV� FUHDWLQJ�
WLJKW�SUR[LPDO�FRQWDFWV�DQG�REWDLQLQJ�DQDWRPLFDOO\�
FRUUHFW�SUR[LPDO�FRQWRXUV��,QDGHTXDWH�FRQWDFW�PD\�
OHDG�WR�IRRG�LPSDFWLRQ��SHULRGRQWDO�GLVHDVHV�DQG�FDQ�
FDXVH�WRRWK�PRYHPHQWV���7KH�GLIÀFXOW\�LQ�DFKLHYLQJ�
WLJKW� SUR[LPDO� FRQWDFWV� KDV� EHHQ� DWWULEXWHG� WR�
WKH� ODFN� RI� FRQGHQVDELOLW\� RI� UHVLQ� FRPSRVLWH�
DQG� YROXPHWULF� VKULQNDJH� IURP� RQH� VLGH�� DQG� WKH�
HODVWLFLW\�DQG�WKLFNQHVV�RI�WKH�PDWUL[�IURP�WKH�RWKHU�
VLGH����� 7KHUHIRUH�� UHVHDUFK� KDV� WULHG� WR� RYHUFRPH�
WKH� H[LVWLQJ� SUREOHPV� E\� LPSURYLQJ� PDWHULDO�
FKDUDFWHULVWLFV�DQG�DSSOLFDWLRQ�WHFKQLTXHV��

6HYHUDO� WHFKQLTXHV� DQG� LQVWUXPHQWV� KDYH� EHHQ�
SURSRVHG� WR� REWDLQ� WLJKW� SUR[LPDO� FRQWDFWV�� ,Q�
SUHVHQW�GHQWLVWU\��WUDGLWLRQDO�FLUFXPIHUHQWLDO�PDWUL[�
V\VWHPV�DUH�XVHG�SRSXODUO\��EXW�VKRZ�VKRUWFRPLQJV�
UHJDUGLQJ�WKH�FUHDWLRQ�RI�WLJKW�SUR[LPDO�FRQWDFWV�DQG�
WKHLU�LPSURSHU�SUR[LPDO�PDWUL[�IRUP��$OWKRXJK�WKH�
XVH�RI�VHFWLRQDO�PDWUL[�EDQGV� LQ�FRPELQDWLRQ�ZLWK�
VHSDUDWLRQ� ULQJV� FDQ� DFKLHYH� DGHTXDWH� SUR[LPDO�
FRQWDFWV��� FDYLWLHV�ZLWK�D�ZLGH�EXFFROLQJXDO�ZLGWK�
PD\� QHFHVVLWDWH� WKH� XVH� RI� FLUFXPIHUHQWLDO� PDWUL[�
V\VWHPV4�7KH�LQWURGXFWLRQ�RI�SUH�FRQWRXUHG�PDWUL[�
EDQGV� WRJHWKHU� ZLWK� ZHGJH� VHSDUDWLRQ� PD\EH� D�
VXLWDEOH�VROXWLRQ��

7KH�YROXPHWULF�VKULQNDJH�RI�PHWKDFU\ODWH�EDVHG�
FRPSRVLWHV� UDQJHV� IURP� ��� WR� ��6�� 5HFHQWO\�� D�
ORZ�VKULQNDJH�FRPSRVLWH�ZDV� LQWURGXFHG� LQ�ZKLFK�
WKH� PHWKDFU\ODWH� PDWUL[� LV� UHSODFHG� E\� VR�FDOOHG�
VLORUDQHV��7KH�ULQJ�RSHQLQJ�FKHPLVWU\�RI�WKLV�UHVLQ�
VLJQLÀFDQWO\� UHGXFHG� WKH� YROXPHWULF� VKULQNDJH�
EHORZ� ���� ZKLFK� PD\� LPSURYH� SUR[LPDO� FRQWDFW�
WLJKWQHVV���+RZHYHU�� LQ� WKH� OLWHUDWXUH�� LW� LV� XQFOHDU�
ZHDWKHU�YROXPHWULF�VKULQNDJH�PD\�KDYH�DQ�LPSDFW�
RQ�WKH�REWDLQHG�SUR[LPDO�FRQWDFW�WLJKWQHVV��

7KH� LQWURGXFWLRQ� RI� QHZ� KLJK�SRZHU�
SRO\PHUL]DWLRQ� XQLWV� KDYH� LQLWLDWHG� D� GHEDWH� RQ�
WKHLU�HIIHFW�RQ�WKH�SURSHUWLHV�RI�WKH�UHVLQ�FRPSRVLWH�

PDWHULDO�� 9ROXPHWULF� VKULQNDJH�� IRU� H[DPSOH�� ZDV�
IRXQG� WR� EH� ORZHU�ZLWK� ORZ�LQWHQVLW\� FXULQJ� XQLWV�
FRPSDUHG� WR� KLJK�� LQWHQVLW\� RQHV�� ZLWK� VLPLODU�
LUUDGLDWLRQ� WLPHV8�� 0RUHRYHU�� UHGXFHG� LQWHQVLW\�
VORZHG� GRZQ� WKH� UDWH� RI� SRO\PHUL]DWLRQ� EXW� GLG�
QRW�UHGXFH�WKH�FRQYHUVLRQ�DV�ORQJ�DV�DQ�LUUDGLDWLRQ�
WLPH�RI����VHFRQGV�ZDV�HPSOR\HG��2Q�WKH�EDVLV�RI�
REWDLQLQJ�RSWLPDO�FRQYHUVLRQ�DQG�DGDSWLRQ�� LW�ZDV�
GHPRQVWUDWHG� WKDW� WKH� LUUDGLDWLRQ� WLPH� ZDV� PRUH�
HIIHFWLYH� WKDQ� LUUDGLDWLRQ� HQHUJ\� DQG� WKDW� KLJK�
LQWHQVLW\� OLJKW� FXULQJ� GRHV� QRW� QHFHVVDULO\� OHDG� WR�
RSWLPDO�TXDOLW\9��

$JDLQVW� WKLV� GHEDWDEOH� EDFNJURXQG�� LW� ZDV�
WKRXJKW� WR� EH� YDOXDEOH� WR� LQ� YLWUR� LQYHVWLJDWH� WKH�
LPSDFW� RI� WZR� GLIIHUHQW� PDWUL[� V\VWHPV� DQG� WZR�
FXULQJ� OLJKW� LQWHQVLWLHV� RQ� WKH� SUR[LPDO� FRQWDFW�
WLJKWQHVV� �3&7��RI�02�FDYLWLHV� UHVWRUHG�ZLWK� WZR�
GLIIHUHQW�UHVLQ�FRPSRVLWH�UHVWRUDWLRQV�

MATERIALS AND METHODS

02� FDYLWLHV� ZDV� SUHSDUHG�ZDV� SUHSDUHG� LQ� DQ�
LYRULQH�ORZHU�OHIW�ÀUVW�PRODU��.LOJRUH�,QWHUQDWLRQDO��
&ROGZDWHU�� 0,�� 86$��� 7KH� FDYLW\� GLPHQVLRQV�
IRU� WKH� SUR[LPDO� SRUWLRQ� ZHUH� ���� [� ���� [� �� PP�
EXFFROLQJXDO�� RFFOXVRJLQJLYDO�� DQG� PHVLRGLVWDO��
UHVSHFWLYHO\�� ZKLOH� IRU� WKH� RFFOXVDO� SRUWLRQV�� WKH�
GLPHQVLRQV�ZHUH�����[�����[�����PP�EXFFROLQJXDO��
RFFOXVRSXOSDO�� DQG� PHVLRGLVWDO�� UHVSHFWLYHO\��
7KLV� SUHSDUDWLRQ� ZDV� WKH� PDVWHU� PRGHO� DQG� ZDV�
GXSOLFDWHG�E\�WKH�PDQXIDFWXUHU��.LOJRUH���UHVXOWLQJ�
LQ����LGHQWLFDO�SUHSDUDWLRQV��7HHWK�ZHUH�SODFHG�LQ�D�
PDQLNLQ�PRGHO��.LOJRUH��DQG�SKDQWRP�KHDG��.D9R�
'HQWDO�� %LEHUDFK��*HUPDQ\�� GXULQJ� DOO� UHVWRUDWLYH�
SURFHGXUHV�LQ�RUGHU�WR�VLPXODWH�FOLQLFDO�FRQGLWLRQV��
$� FRSSHU�]LQF� DOOR\� FDVW� RI� WKH� VHFRQG� SUHPRODU�
ZDV� XVHG� WR� SUHYHQW�ZHDU� RI� WKH� GLVWDO� VXUIDFH� RI�
WKLV� WRRWK� GXULQJ� WKH� UHVWRUDWLYH� SURFHGXUHV� DQG�
SUR[LPDO�FRQWDFW�WLJKWQHVV�PHDVXUHPHQWV��ÀJXUH�����
6SHFLPHQV�ZHUH�HTXDOO\�GLYLGHG�RYHU�HLJKW�JURXSV�
DFFRUGLQJ�WR�W\SH�RI�FRPSRVLWH��WKH�PDWUL[�V\VWHP��
DQG� FXULQJ� OLJKW� LQWHQVLW\� �Q ����� 2QH� RSHUDWRU�



,1)/8(1&(�2)�6(3$5$7,21�5,1*�$1'�&85,1*�/,*+7�,17(16,7< ���

SHUIRUPHG� DOO� UHVWRUDWLYH� SURFHGXUHV�� &RPSRVLWH�
PDWHULDOV�XVHG�ZHUH�D�ORZ�VKULQNDJH�VLORUDQH�EDVHG�
FRPSRVLWH��)LOWHN�/6���0�(63(��6W��3DXO��01��DQG�
D�QDQRK\EULG�PHWKDFU\ODWH�EDVHG�FRPSRVLWH��)LOWHN�
6XSUHPH�3OXV���0�(63(���(DFK�FRPSRVLWH�PDWHULDO�
ZDV� SRO\PHUL]HG� XVLQJ� WZR� OLJKW� SRO\PHUL]DWLRQ�
XQLWV�� D� ORZ�SRZHU� /('� XQLW� �6PDUWOLWH� ,4���
'HQWVSO\��<RUN��3$��86$��OLJKW�LQWHQVLW\�����P:�
FP��� DQG� D� KLJK�� SRZHU� /('�XQLW� �'HPL70��
.HUU� &RUS�� 2UDQJH�� &$�� 86$�� OLJKW� LQWHQVLW\�
����²����� P:�FP���� %RWK� SRO\PHUL]DWLRQ� XQLWV�
KDG� D� OLJKW� JXLGH� WLS� RI� �� PP� LQ� GLDPHWHU�� 7KH�
OLJKW� LQWHQVLW\� ZDV� PHDVXUHG� ZLWK� WKH� 'HPHWURQ�
/('� 5DGLRPHWHU� �'HWHFWLRQ� UDQJH�� �²����� P:�
FP��� .HUU� &RUSRUDWLRQ�� DW� WKH� EHJLQQLQJ� RI� WKH�
VWXG\� DQG� HYHU\� ��� VSHFLPHQV� WKHUHDIWHU�� 0DWUL[�
V\VWHPV�XVHG�ZHUH�VHFWLRQDO�PDWUL[�DQG�VHSDUDWLRQ�
ULQJ� �&RPSRVL�7LJKW� �'� VHFWLRQDO� PDWUL[� V\VWHP��
�����PP�� 'HQWDO� 6ROXWLRQV·� *DUULVRQ�� 86$���
DQG� FLUFXPIHUHQWLDO� SUHFRQWRXUHG� EDQG� �XOWUD� WKLQ�
'L[LHODQG� EDQG�� ������PP�� *HW]� FRQWRXU� PDWUL[�
EDQGV�� :DWHU� 3LN� ,QF�� 3UHVWLJH� GHQWDO� SURGXFWV��
%UDGIRUG��8.��DQG�D�UHWDLQHU��7RIÁHPLUH�8QLYHUVDO��
.HUU�&RUSRUDWLRQ���7KH�PDWUL[�EDQGV�ZHUH�VHFXUHG�
ZLWK�D�ZRRGHQ�ZHGJH��3UHPLHU�'HQWDO�3URGXFWV�&R��
3O\PRXWK�0HHWLQJ��3$��86$��IRU�DFKLHYLQJ�RSWLPDO�
DGDSWDWLRQ� LQ� WKH� FHUYLFDO� UHJLRQ�� 7KH� WHHWK� ZHUH�
HTXDOO\�GLYLGHG�LQWR���JURXSV�DV�IROORZV�

*URXS����7HHWK�ZHUH�WUHDWHG�ZLWK�D�SUH�FRQWRXUHG�

VHFWLRQDO�PDWUL[�V\VWHP��7KH�VHFWLRQDO�PDWUL[�EDQG�
ZDV� SODFHG� LQWHUSUR[LPDOO\� DQG� VHFXUHG� ZLWK� D�
ZRRGHQ� ZHGJH� IRU� DFKLHYLQJ� RSWLPDO� DGDSWDWLRQ�
RI�WKH�PDWUL[�EDQG�LQ�WKH�FHUYLFDO�UHJLRQ��7KHQ�WKH�
VHSDUDWLRQ� ULQJ� �*DUULVRQ�� ZDV� SODFHG�� )LOWHN� /6�
ZDV�SDFNHG�DQG�FXUHG�XVLQJ�ORZ�LQWHQVLW\�OLJKW�

*URXS� ��� VDPH� DV� *URXS� �� EXW� KLJK� LQWHQVLW\�
OLJKW�ZDV�XVHG�

*URXS����7HHWK�ZHUH�WUHDWHG�ZLWK�D�SUH�FRQWRXUHG�
FLUFXPIHUHQWLDO� PDWUL[� V\VWHP� SODFHG� DURXQG�
WKH� WRRWK� LQ� 7RIÁHPLUH� UHWDLQHU�� 6HSDUDWLRQ� ZDV�
DFKLHYHG�E\�SODFLQJ�D�ZRRGHQ�ZHGJH�LQWHUGHQWDOO\�
DW�WKH�VLGH�RI�SUHSDUDWLRQ��)LOWHN�/6�ZDV�SDFNHG�DQG�
FXUHG�XVLQJ�ORZ�LQWHQVLW\�OLJKW�

*URXS� ��� 6DPH� DV� *URXS� �� EXW� KLJK� LQWHQVLW\�
OLJKW�ZDV�XVHG�

*URXS����6DPH�DV�*URXS���EXW�)LOWHN�6XSUHPH�
3OXV�ZDV�XVHG�

*URXS� ��� 6DPH� DV� *URXS� �� EXW� KLJK� LQWHQVLW\�
OLJKW�ZDV�XVHG�

*URXS����6DPH�DV�*URXS���EXW�)LOWHN�6XSUHPH�
3OXV�ZDV�XVHG�

*URXS� ��� 6DPH� DV� *URXS� �� EXW� KLJK� LQWHQVLW\�
OLJKW�ZDV�XVHG�

$Q� H[SORUHU� ZDV� XVHG� WR� FKHFN� WKH� ÀW� RI� WKH�
PDWUL[�EDQG�DW�WKH�JLQJLYDO�PDUJLQ�RI�WKH�SUR[LPDO�
ER[�RI�HDFK�VSHFLPHQ�

)LJ������&DYLW\�GHVLJQ�D��ZLWK�FLUFXPIHUHQWLDO�SUH�FRQWRXUHG�PDWUL[�EDQG�DQG�7RÁHPLUH�E��ZLWK�6HFWLRQDO�PDWUL[�
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)RU�)LOWHN�/6��D�VSHFLDO�DGKHVLYH�V\VWHP��6LORUDQH�
6\VWHP�$GKHVLYH�6HOI�(WFK�3ULPHU� DQG�%RQG���0�
(63(�� ZDV� XVHG�� )RU� WKH� )LOWHN� 6XSUHPH� 3OXV�� D�
WKUHH�VWHS�HWFK�DQG�ULQVH�DGKHVLYH�V\VWHP��6FRWFK��
ERQG�0XOWL�3XUSRVH���0�(63(��ZDV�HPSOR\HG��%RWK�
DGKHVLYH� V\VWHPV� ZHUH� DSSOLHG� DQG� SRO\PHUL]HG�
DFFRUGLQJ� WR� WKH� PDQXIDFWXUHU·V� LQVWUXFWLRQV�� ,Q�
DOO� JURXSV�� WKH� FRPSRVLWH� PDWHULDO� ZDV� SODFHG� LQ�
WKUHH�LQFUHPHQWV�RI�OHVV�WKDQ���PP�XVLQJ�D�VWUDWHJLF�
LQFUHPHQWDO� WHFKQLTXH� WR� PLQLPL]H� WKH� &�IDFWRU����
7KH�ÀUVW�LQFUHPHQW�ZDV�DSSOLHG�WR�WKH�JLQJLYDO�VHDW��
DQG� WKH� VHFRQG�DQG� WKLUG� LQFUHPHQWV�ZHUH� DSSOLHG�
LQ� DQ� REOLTXH� PDQQHU� WR� WKH� EXFFDO� DQG� OLQJXDO�
FDYLW\� ZDOOV�� UHVSHFWLYHO\�� (DFK� LQFUHPHQW� ZDV�
FXUHG�LQGLYLGXDOO\�DIWHU�SODFHPHQW�IRU����VHFRQGV��
$IWHU� UHPRYDO�RI� WKH�PDWUL[�EDQG�� WKH� UHVWRUDWLRQV�
ZHUH�SRVWFXUHG� IRU� DQ� DGGLWLRQDO���� VHFRQGV� IURP�
WKH�EXFFDO�DQG�OLQJXDO�VLGHV��5HVWRUDWLRQV�ZHUH�QRW�
ÀQLVKHG�RU�DGMXVWHG�LQ�RUGHU�WR�SUHYHQW�FKDQJHV�RI�
WKH�SUR[LPDO�VXUIDFH�

$IWHU�UHVWRUDWLRQ��WKH�PRGHO�ZDV�UHPRYHG�IURP�
WKH� SKDQWRP� KHDG� DQG� SODFHG� LQ� D� FXVWRP�PDGH�
VHWXS�WR�VWDQGDUGL]H�SUR[LPDO�FRQWDFW�PHDVXUHPHQW�
SURFHGXUHV��)LJXUH�����$�VHFRQG�LQYHVWLJDWRU��EOLQGHG�
WR� WKH� PDWHULDO� DQG� FXULQJ� WHFKQLTXH�� ZDV� DVNHG�
WR� SHUIRUP� WKH� SUR[LPDO� FRQWDFW� PHDVXUHPHQWV��
3UR[LPDO�FRQWDFW�WLJKWQHVV�ZDV�PHDVXUHG�XVLQJ�WKH�
7RRWK�3UHVVXUH�0HWHU��D�GHYLFH� WKDW� LV�FRQVWUXFWHG�
DW� WKH� 8QLYHUVLW\� RI� 7HFKQRORJ\� 'HOIW� LQ� WKH�
1HWKHUODQGV� DQG� ZDV� SUHYLRXVO\� XVHG� LQ� RWKHU� LQ�
YLWUR�VWXGLHV�������7KLV�GHYLFH�XVHV�D�������PP�WKLFN�
PHWDO� VWULS� WKDW� LV� LQVHUWHG� LQWHUGHQWDOO\� IURP� DQ�
RFFOXVDO� GLUHFWLRQ�� 7KH� WLJKWQHVV� RI� WKH� SUR[LPDO�
FRQWDFW� LV� TXDQWLÀHG� DV� WKH� PD[LPXP� IULFWLRQDO�
IRUFH��1��ZKHQ�WKH�VWULS�LV�UHPRYHG�LQ�WKH�RFFOXVDO�
�YHUWLFDO�� GLUHFWLRQ�� 7R� REWDLQ� D� VWDQGDUGL]HG�
PHDVXUHPHQW� RI� DOO� SUR[LPDO� FRQWDFW� DUHDV�� WKH�
PDQLNLQ�PRGHO�DQG�WKH�7RRWK�3UHVVXUH�0HWHU�ZHUH�
PRXQWHG�LQ�D�VSHFLDO�GHYLFH�DOORZLQJ�D�VWDQGDUGL]HG�
LQVHUWLRQ�DQG�UHPRYDO�RI�WKH�PHWDO�VWULS��DV�VKRZQ�LQ�
ÀJXUH����7R�PLQLPL]H�YDULDWLRQV�LQ�SUR[LPDO�FRQWDFW�
PHDVXUHPHQWV�GXH� WR� UHSRVLWLRQLQJ�RI� WKH� WRRWK� LQ�

WKH�PDQLNLQ�PRGHO��D�VSHFLDO�SURWRFRO�IRU�SUR[LPDO�
FRQWDFW�PHDVXUHPHQWV�ZDV�DSSOLHG��7KH�ÀQDO�UHVXOW�
IRU� D�PHDVXULQJ� VLWH�ZDV� WKH�PHDQ� YDOXH� RI� WKUHH�
FRQVHFXWLYH�PHDVXULQJ�SURFHGXUHV��(DFK�SURFHGXUH�
LQFOXGHG�WKH�UHPRYDO�DQG�UHSRVLWLRQLQJ�RI�WKH�WRRWK�
LQ�WKH�PDQLNLQ�PRGHO�IROORZHG�E\�WKUHH�FRQVHFXWLYH�
FRQWDFW� PHDVXUHPHQWV� XVLQJ� WKH� 7RRWK� 3UHVVXUH�
0HWHU�� $� PHDVXUHPHQW� IDLOHG� ZKHQ� WKH� RXWFRPH�
H[FHHGHG� WKH� PD[LPXP� �SUHVHW�� UDQJH� RI� ���� 1�
EHWZHHQ� WKH� WKUHH� PHDVXUHPHQWV�� VXFK� DV� GXH� WR�
GHIRUPDWLRQV�RI�WKH�VWULS�RU�D�QRQSDUDOOHO�UHPRYDO�RI�
WKH�VWULS�IURP�WKH�LQWHUGHQWDO�DUHD��7KLV�PHDVXUHPHQW�
ZDV�WKHQ�H[FOXGHG�IURP�WKH�DQDO\VLV�DQG�UHSHDWHG��
&XVWRP�� ZULWWHQ� VRIWZDUH� LQ� ([FHO� �06� 2IÀFH�
����� IRU�:LQGRZV��ZDV� XVHG� IRU� GDWD� DFTXLVLWLRQ�
DQG� IRU� FRQVWUXFWLRQ� RI� GLDJUDPV� UHODWLQJ� IRUFH� WR�
VHFRQGV��6WDWLVWLFDO�DQDO\VLV�ZDV�GRQH�XVLQJ�D�RQH�
ZD\� DQDO\VLV� RI� YDULDQFH� IROORZHG� E\�7XNH\� SRVW�
KRF� WHVW� WR� GHWHUPLQH� WKH� GLIIHUHQFHV� LQ� SUR[LPDO�
FRQWDFW�WLJKWQHVV�EHWZHHQ�JURXSV�� WKH�HIIHFW�RI�WKH�
FRPSRVLWH�W\SH��WKH�HIIHFW�RI�WKH�PDWUL[�V\VWHP�DQG�
WKH� HIIHFW� RI� OLJKW� FXULQJ� GHYLFH� LQWHQVLWLHV�� 7KH�
OHYHO�RI�VLJQLÀFDQFH�ZDV�VHW�DW�S������

)LJ������3UR[LPDO�FRQWDFW�PHDVXUHPHQWV�E\�WRRWK�SUHVVXUH�PHWHU
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RESULTS

0HDQ�� VWDQGDUG� GHYLDWLRQ� DQG� 3�YDOXH� RI� WKH�
3&7�RI�WKH�HLJKW�JURXSV�DUH�RXWOLQHG�LQ�WDEOH��DQG�
ÀJXUH��DQG��

7$%/(� ���� 0HDQ�� VWDQGDUG� GHYLDWLRQ� RI� 3&7� �1��
RI�DOO�JURXSV��'LIIHUHQW�V\PEROV�LQGLFDWH�
VWDWLVWLFDOO\� VLJQLÀFDQW� GLIIHUHQFHV�
EHWZHHQ� JURXSV� �DQDO\VLV� RI� YDULDQFH��
S������

*URXS 0HDQ 6�'� 3

� /RZ�6KULQNDJH�*DULVVRQ�/RZ�
LQWHQVLW\

���� ���� a

� /RZ�6KULQNDJH�*DULVVRQ�+LJK�
LQWHQVLW\

���� ��� E

� /RZ�6KULQNDJH�'L[LHEDQG�/RZ�
LQWHQVLW\

���� ���� F

4 /RZ�6KULQNDJH�'L[LHEDQG�+LJK�
LQWHQVLW\

���� ���� G

� 1DQRK\EULG�*DULVVRQ�/RZ�
LQWHQVLW\

���� ���� F

6 1DQRK\EULG�*DULVVRQ�+LJK�
LQWHQVLW\

���� ���� e

� 1DQRK\EULG�'L[LHEDQG�/RZ�
LQWHQVLW\

��� ���� e

8 1DQRK\EULG�'L[LHEDQG�+LJK�
LQWHQVLW\

���� ��� I

6WDWLVWLFDO� DQDO\VLV� UHYHDOHG� VLJQLÀFDQW�
GLIIHUHQFH�EHWZHHQ�DOO�WHVWHG�JURXSV��DW������OHYHO��
H[FHSW� EHWZHHQ� JURXS� �� 	� �� DQG� EHWZHHQ� JURXS�
�� 	� ��� 7KH� XVH� RI� WKH� ORZ�VKULQNDJH� FRPSRVLWH�
�)LOWHN� /6�� UHVXOWHG� LQ� VWDWLVWLFDOO\� VLJQLÀFDQW�
WLJKWHU� SUR[LPDO� FRQWDFWV� FRPSDUHG� WR�QDQRK\EULG�
FRPSRVLWH��)LOWHN�6XSUHPH�3OXV��ZKHQ�SRO\PHUL]HG�
XVLQJ�WKH�VDPH�FXULQJ�OLJKW�LQWHQVLW\�DQG�WKH�VDPH�
PDWUL[� V\VWHP� �S���������)RU� WKH� VDPH�FRPSRVLWH�
PDWHULDO�� WKH� ORZ�LQWHQVLW\� FXULQJ� OLJKW� UHVXOWHG� LQ�
VWDWLVWLFDOO\� VLJQLÀFDQW� WLJKWHU� SUR[LPDO� FRQWDFWV�
WKDQ� WKH� KLJK�LQWHQVLW\� FXULQJ� OLJKW��$OVR�� WKH� XVH�
RI� VHFWLRQDO� PDWUL[� V\VWHP� DQG� VHSDUDWLRQ� ULQJ�
�*DUULVRQ��UHVXOWHG�LQ�VLJQLÀFDQWO\�WLJKWHU�SUR[LPDO�
FRQWDFWV� WKDQ� FLUFXPIHUHQWLDO� PDWUL[� DQG� UHWDLQHU�
�'H[LHEDQG�DQG�7RÁHPLUH��H[FHSW�IRU�JURXS���DQG�
���ZKLFK�UHYHDOHG�QR�VLJQLÀFDQW�GLIIHUHQFH�

)LJ�� ���� 0HDQ� DQG� VWDQGDUG� GHYLDWLRQ� RI� SUR[LPDO� FRQWDFW�
WLJKWQHVV��1��IRU�DOO�JURXSV�RI�VWXG\�

)LJ������&RPSDULVRQ�ZLWKLQ�WKH�YDULDEOHV�RI�WKH�VWXG\�D��PDWUL[�V\VWHP�DQG�VHSDUDWLRQ�E��OLJKW�FXULQJ�LQWHQVLW\�F��FRPSRVLWH�UHVLQ�
W\SH
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DISCUSSION

,Q�WKH�SUHVHQW�VWXG\��WKH�LQÁXHQFH�RI�VHSDUDWLRQ�
ULQJ�� WKH� OLJKW� FXULQJ� LQWHQVLW\� DQG� WKH� W\SH� RI�
UHVWRUDWLYH�PDWHULDO� RQ� SUR[LPDO� FRQWDFW� WLJKWQHVV�
RI� 02� UHVWRUDWLRQ� ZHUH� LQYHVWLJDWHG�� 7KH� FDYLW\�
SUHSDUDWLRQ� ZDV� GHVLJQHG� WR� VLPXODWH� D� FOLQLFDO�
FRQGLWLRQ�ZKHUH�D�ZLGH�SUR[LPDO�FDYLW\�SUHSDUDWLRQ�
ZDV� WKXV� REWDLQHG�� ZKLFK� SUHVHQWHG� D� JUHDWHU�
FKDOOHQJH� WR� ERWK� WKH� RSHUDWRU� DQG� WKH� UHVWRUDWLYH�
WHFKQLTXHV� ZLWK� UHJDUGV� WR� SUR[LPDO� FRQWDFW�
UHFRQVWUXFWLRQ��7KH�LQ�YLWUR�VHWXS�XVHG�LQ�WKH�FXUUHQW�
VWXG\�ZDV�FRQVWUXFWHG�WR�UHVHPEOH�D�VHWXS�WKDW�KDV�
EHHQ�SUHYLRXVO\�XVHG�LQ�VHYHUDO�VWXGLHV�DQG�VKRZQ�
WR�SURGXFH�FOLQLFDOO\�UHOHYDQW�UHVXOWV����������� 

$V� VKRZQ� LQ� WKH� UHVXOWV� RI� WKH� FXUUHQW� VWXG\��
JURXS� �� VKRZHG� WKH� KLJKHVW� 3&7� YDOXHV� ZLWK� D�
VWDWLVWLFDO�VLJQLÀFDQW�GLIIHUHQFH��S�������LQ�UHODWLRQ�
WR� WKH�RWKHU�JURXSV��*DUULVRQ�ULQJ�SURYLGHG�KLJKHU�
3&7� YDOXHV� LQ� UHODWLRQ� WR� 'H[LHEDQG�� $OWKRXJK�
ERWK�PDWUL[�EDQGV�ZHUH�SUHFRQWRXUHG�DQG�KDYH�WKH�
VDPH� WKLFNQHVV� �8OWUDWKLQ�� �����PP�� WKH� VSHFLDO�
VHSDUDWLRQ� ULQJ�PD\� EH�PRUH� XVHIXO� WKDQ�ZRRGHQ�
ZHGJHV�� 7KLV� PLJKW� EH� UHODWHG� WR� WKH� FRQWLQXRXV�
SUHVVXUH�SURGXFHG�E\� WKH� WLQHV�RI� WKH� ULQJV�RQ� WKH�
LQWHUGHQWDO�FRQWDFW��ZKHUHDV��D�ZRRGHQ�ZHGJH�LV�RQO\�
SUHVVHG�RQFH�LQWR�WKH�LQWHUGHQWDO�DUHD��0RUHRYHU��LQ�
WKH�FOLQLFDO�VHWXS��D�ZRRGHQ�ZHGJH�DEVRUEV�ÁXLGV��
VXFK� DV� VDOLYD� DQG� EORRG�� UHVXOWLQJ� LQ� D� ZHDNHU��
PRUH�ÁH[LEOH�ZHGJH�WKDW�DGDSWV�LWVHOI�WR�WKH�QDWXUDO�
DQDWRPLF� WRRWK� FRQWRXU�� UHVXOWLQJ� LQ� HYHQ� OHVV�
LQWHUGHQWDO�VHSDUDWLRQ��7KLV�ZDV�LQ�DJUHHPHQW�ZLWK�
WKH�SUHYLRXV�VWXGLHV��DV�WKH�SURYLVLRQ�RI�LQWHUGHQWDO�
VHSDUDWLRQ� LV� WKH� PRVW� LPSRUWDQW� FRQVLGHUDWLRQ�
ZKHQ� UHVWRULQJ� SUR[LPDO� FRQWDFW� RI� FODVV� ,,� UHVLQ�
FRPSRVLWH� UHVWRUDWLRQV�� WKH\� H[SODLQHG� WKLV� DV�
VHSDUDWLRQ� ULQJV� FUHDWH� VHSDUDWLRQ� IRUFH� YHFWRUV� DW�
WKH�KHLJKW�RI� WKH�SUR[LPDO�FRQWDFW��ZKLFK� UHPDLQV�
VWDEOH�DV�ORQJ�DV�WKH�ULQJ�UHPDLQV�DFWLYDWHG��������������
7KH�VHSDUDWLRQ�ULQJ�XVHG�LQ�WKLV�VWXG\��LV�DQ�LPSURYHG�
IRUP�RI�PDWUL[�VHSDUDWLRQ�ULQJ��,W�IHDWXUHV�WKH�VDPH�
WRRWK�KXJJLQJ�VRIW�VLOLFRQH�WLS�GHVLJQ�WKDW�YLUWXDOO\�

HOLPLQDWHV�EXFFDO�DQG�OLQJXDO�ÁDVK�DQG�VXLWDEOH�IRU�
ZLGH�SUR[LPDO�FDYLWLHV�

7KH�OLJKW�FXULQJ�LQWHQVLW\�VKRZHG�D�VWDWLVWLFDOO\�
VLJQLÀFDQW�HIIHFW�RQ�3&7�DV�WKH�ORZ�LQWHQVLW\�OLJKW�
FXULQJ� XQLW� FDXVH� OHVV� YROXPHWULF� VKULQNDJH� WKDQ�
WKH� KLJK� LQWHQVLW\� OLJKW�FXULQJ� XQLW�� 7KLV� ZDV� LQ�
DFFRUGDQFH�ZLWK�WKH�SUHYLRXV�VWXGLHV�ZKR�LQGLFDWHG�
WKDW� ORZHU� GHJUHH� RI� FRQYHUVLRQ� LV� REWDLQHG� ZLWK�
ORZ�SRZHU� LQWHQVLW\� DW� D� À[HG� H[SRVXUH� WLPH��
UHVXOWLQJ� LQ� OHVV� YROXPHWULF� VKULQNDJH�� 0RUHRYHU��
WKH�VORZHU�FXULQJ�SURFHVV�ZLOO�GHOD\�WKH�JHO�SRLQW��
7KLV� DOORZV� VWUHVV� UHOD[DWLRQ� WR� RFFXU� ZLWKLQ� WKH�
UHVLQ� DQG� DW� WKH� LQWHUIDFH�� UHGXFLQJ� WKH�YROXPH�RI�
WKH� VKULQNDJH��� ����������7KLV�PD\� H[SODLQ� WKH� UHVXOWV�
RI�RXU�VWXG\��

$GGLWLRQDOO\��)LOWHN�/6�VKRZHG�KLJKHU�3&7�YDOXHV�
ZLWK�D� VWDWLVWLFDO� VLJQLÀFDQW�GLIIHUHQFH� �S������� LQ�
UHODWLRQ�WR�)LOWHN�6SUHPH�3OXV��WKLV�PD\�EH�GXH�WR�WKH�
IDFW�WKDW�)LOWHN�/6�VKRZHG�SRO\PHUL]DWLRQ�VKULQNDJH�
OHVV� WKDQ� ��� LQ� FRPSDULVRQ� WR� WKH� PHWKDFU\ODWH�
EDVHG� FRPSRVLWHV�ZKLFK� VKRZV� D� UDQJH� RI� �������

�������$QRWKHU�SRVVLEOH�H[SODQDWLRQ�FRXOG�EH�UHODWHG�
WR� WKH�GLIIHUHQFHV� LQ� WKH� FRQVLVWHQF\� DQG�KDQGOLQJ�
FKDUDFWHULVWLFV�RI�WKH�WZR�UHVLQ�FRPSRVLWHV�XVHG�LQ�
WKLV�VWXG\��)LOWHN�/6�KDV�VWLII�FRQVLVWHQF\�FRPSDUHG�
WR�)LOWHN�6XSUHPH��ZKLFK�PDNHV�LW�PRUH�SDFNDEOH���
$OWKRXJK�KLJK�YLVFRVLW\�FRPSRVLWH�UHVLQV�DUH�RIWHQ�
UHFRPPHQGHG� WR� REWDLQ� D� WLJKW� SUR[LPDO� FRQWDFW��
SUHYLRXV� VWXGLHV���� ��� KDYH� LQGLFDWHG� WKDW� WKH�
¶SDFNDELOLW\·�RI�WKH�UHVLQ�FRPSRVLWH�GLG�QRW�KHOS�WR�
DFKLHYH�EHWWHU� SUR[LPDO� FRQWDFWV��ZKLFK� WKHUHIRUH��
VXSSRUW�WKH�LQÁXHQFH�RI�YROXPHWULF�VKULQNDJH�UDWKHU�
WKDQ�WKH�FRQVLVWHQF\�RI�WKH�PDWHULDO��

$�VLPLODU�ÀQGLQJ�ZDV�DOVR�IRXQG�E\�(O�6KDP\�DQG�
RWKHUV����7KH\�H[SODLQHG�WKLV�DV�VLORUDQH�EDVHG�UHVLQ�
SRO\PHUL]HV�� ULQJ�PRQRPHUV� FRQQHFW� E\� RSHQLQJ��
ÁDWWHQLQJ��DQG�H[WHQGLQJ�WRZDUG�HDFK�RWKHU��FDWLRQLF�
ULQJ�RSHQLQJ�SURFHVV��� UHVXOWLQJ� LQ� OHVV�YROXPHWULF�
VKULQNDJH� FRPSDUHG� WR� PHWKDFU\ODWH�EDVHG� UHVLQV��
7KLV� GLIIHUHQFH� LQ� FXULQJ� G\QDPLF� LV� D� SRVVLEOH�
H[SODQDWLRQ� IRU� WKH� GLIIHUHQFH� LQ� SUR[LPDO� FRQWDFW�
WLJKWQHVV�REVHUYHG�EHWZHHQ�WKH�WZR�PDWHULDOV��
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CONCLUSION

:LWKLQ�WKH�OLPLWDWLRQV�RI�WKH�FXUUHQW�VWXG\��LW�FDQ�
EH�FRQFOXGHG�WKDW

��� 6HFWLRQDO�PDWUL[�ZLWK�D�VHSDUDWLRQ�ULQJ�FUHDWHV�
D�SURSHU�SUR[LPDO�FRQWDFW� WLJKWQHVV�RI�FODVV� ,,�
SRVWHULRU�FRPSRVLWH�UHVWRUDWLRQV�

��� /LJKW� FXULQJ� LQWHQVLW\� DV� ZHOO� DV� WKH� W\SH� RI�
FRPSRVLWH�PDWHULDO�PD\�LQÁXHQFH�SURSHU�SUR[L-
PDO�FRQWDFW�WLJKWQHVV�RI�FODVV�,,�SRVWHULRU�FRP-
SRVLWH�UHVWRUDWLRQV

CLINICAL RELEVANCE

7KH�XVH�RI�VHFWLRQDO�PDWUL[�EDQG�FRPELQHG�ZLWK�
D�VHSDUDWLRQ�ULQJ�LV�UHFRPPHQGHG�WR�UHFRQVWUXFW�WKH�
SUR[LPDO� FRQWDFW� DUHD� RI�&ODVV� ,,� UHVLQ� FRPSRVLWH�
UHVWRUDWLRQV�� :KHQ� UHVWRULQJ� &ODVV� ,,� SRVWHULRU�
FRPSRVLWH� UHVWRUDWLRQ�� SURSHU� VHOHFWLRQ� RI� OLJKW�
FXULQJ� LQWHQVLW\� DQG�FRPSRVLWH�PDWHULDO� VKRXOG�EH�
FRQVLGHUHG�
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